Aneuploidy, as a result of numerical changes in chromosome number, was observed in tumours almost a century ago. The molecular mechanisms underlying this phenomenon and their impact on tumour development are still poorly understood. A series of recent observations provide direct linkages between the normal function of tumour suppressor proteins and the suppression of aneuploidy. The prospects that these findings offer for understanding the role of aneuploidy in cancer are discussed in this review.
Introduction
The term cancer is used to describe a collection of genetic diseases that allow inappropriate cell proliferation within the body. Despite the wide variety of genetic alterations that lead to different pathological manifestations among these diseases, most cancers share common underlying hallmarks contributing to a tumourigenic phenotype such as evasion of apoptosis, self-sufficiency in growth signals, insensitivity to anti-growth signals, sustained angiogenesis, limitless replicative potential, tissue invasion & metastasis, evasion of immune surveillance [1, 2] and the stress phenotypes of cancer, including metabolic, proteotoxic, mitotic, oxidative and DNA damage stress [3] . Cancer cells often gain these phenotypic alterations by gain-of-function mutation, amplification and over-expression of oncogenes together with loss-of-function mutation, deletion and epigenetic silencing of tumour suppressor genes [4] . Although tumourigenesis in humans is a multi-step mutagenic process, a number of key mutations in certain cancer types are predominant. These mutations result in the activation of particular oncogenes with dominant gain of function and inactivation of tumour-suppressor genes with recessive loss-of-function phenotypes characteristic for a certain cancer. For example, high frequencies of mutations of the tumour suppressor genes adenomatous polyposis coli (APC) or von Hippel-Lindau (VHL) are detected in the large and small intestine and kidney and adrenal glands, respectively [5] . Together with an accumulation of other somatic mutations, this ultimately promotes tumour cell evolution. Intriguingly, development of cancer is often accompanied by an alteration in number of whole chromosomes called aneuploidy, caused by a process known as chromosome instability (CIN). The notion that aneuploidy could be a causal event in the process of tumourigenesis was already proposed by Theodor Boveri [6] . Therefore, understanding the detailed mechanisms of how aneuploidy contributes to development, progression or even suppression of cancer and how tumour suppressor gene mutations contribute to CIN remains a major challenge.
Aneuploidy, a result of chromosomal instability in cancer cells
Aneuploidy is a phenomenon observed in over 90% of all solid tumours. Even haematological cancers, known to have a rather stable chromosome number, frequently display loss or gain of few chromosomes [7] . How aneuploidy contributes to cancer development is highly debated and the opinions diverge from being a primary cause of tumourigenesis [8] to being solely a benign epiphenomenon accompanying neoplastic growth [9] . In addition, aneuploidy could even have, under certain circumstances, a tumour suppressive effect [10] . Tumour cells mostly become aneuploid due to chromosome instability (CIN). In this context it is important to distinguish between numerical CIN and structural CIN. Numerical CIN referred as whole CIN (W-CIN) is characterised by the gain or loss of whole chromosomes during cell division, whereas structural CIN (S-CIN) is characterised by structural changes of chromosomes by gain, loss or translocation of chromosome fragments mainly caused by breakage and inappropriate rejoining of these fragments during the process of DNA replication [11] . W-CIN and S-CIN together contribute to three phenomena known to drive cancer: Loss of heterozygosity (LOH) of tumour suppressor genes, enhanced copy number of oncogenes and creation of oncogenic fusion products. The latter can only arise due to S-CIN, as for example the BCR-ABL gene fusion product of parts of chromosome 9 and 22 resulting in the "Philadelphia chromosome", the main driver in chronic myeloid leukaemia [12] . Chromosomal translocations also occur in solid tumours often at an early stage, these specific and characteristic changes already in the benign state often serve as a diagnostic marker [13] . These abnormalities are often the cause of an impaired double-strand break repair system or telomere maintenance system. In this review, we focus specifically on the molecular mechanisms of W-CIN, how W-CIN arises and we discuss specifically the role of tumour suppressor mutations as a driving mechanism of W-CIN.
Mechanisms leading to wholechromosome instability
Defects in two distinct processes are considered to be the main causes for W-CIN and include (i) a failure in the centrosome-duplication cycle leading to multiple centrosomes ( fig. 1A ) and (ii) a dysregulation of the cell division control machinery resulting in lagging chromosomes mainly elicited by a weakened or an over-activated mitotic checkpoint also known as spindle assembly checkpoint (SAC) (fig. 1B) . The generation of multiple centrosomes is known to lead to multipolar spindles followed by cell death [14] . However, when centrosomes are clustered into two poles, merotelic MT-kinetochore attachments can occur: that single kinetochore is attached to MTs emanating from both poles and although erroneous this structure still fulfils the SAC. Such errors in the process of the centrosome duplication cycle occur also under normal conditions but they are corrected by a dedicated control machinery involving Aurora kinase B [15, 16] . Irrespective, when clustering of multiple centrosomes occurs it can cause an overloading of the correction mechanism eventually resulting in W-CIN ( fig. 1B) [17] . In contrast to the mechanisms suppressing the generation of multiple centrosomes, the mitotic checkpoint ensures during cell division the correct distribution of the duplicated chromatids into each daughter cell [18] . Two important components are needed to ensure error-free completion of this task: the mechanical machinery and a switch-like control process, the mitotic checkpoint. The mitotic spindle consists of two separate poles built by the centrosomes, where microtubule polymerisation is induced to build the mitotic spindle. A specific subset of these microtubules the kinetochore microtubules (k-MT), are needed to attach the chromosomes via their kinetochores to the adjacent spindle poles. It is exactly this huge multiprotein complex, that builds the interface between the chromosomes and the mechanical part, the mitotic spindle, and it is therefore ideally suited to function as a hub for the SAC [19] . As long as chromosomes are not correctly attached from both spindle poles via k-MTs a STOP signal is produced at the kinetochore. Under conditions where the mitotic checkpoint is fully operational one single unattached kinetochore is sufficient to delay progression to anaphase [20] . This delay is mediated by inhibition of the anaphase promoting complex/cyclosome (APC/C) mainly by one complex localised at the kinetochore: the mitotic arrest deficient homolog (Mad)1-Mad2 catalytic checkpoint complex [21] . Whereas the importance of the adjoining kinetochore complex composed of the proteins budding inhibited by benzimidazole (Bub)R1-Bub3-CENP (centromeric protein)-E lies mainly in controlling the correct tethering between kMTs and kinetochores ( fig. 1B) [22, 23] . Furthermore, the kinetochore localisation of some of the above mentioned components from these two complexes depend on Bub1 . The active Mad1-Mad2 catalytical complex is stripped from the attached kinetochore in a dynein dependent manner and its converting activity is therefore lost [31, 32] . The available amount of free-diffusible Mad2 seems to be crucial and any imbalance in the levels leads to a change in the STOP-signal strength, from either too weak or too strong. Defects in both directions lead to aneuploidy, as it has been shown in cell culture as well as in mouse models [33, 34] . These observations show that Mad2 protein levels have to be tightly controlled and as such represent an "Achilles heel" of the SAC in aneuploidy suppression.
The mitotic checkpoint and cancer
Despite the identification of key mitotic checkpoint proteins, mutations in its components are rarely found in cancer [35, 36] . Moreover, studies in mice have shown that complete knock-outs of many mitotic checkpoint components (e.g., Bub1, Bub3, BubR1, CENP-E, Mad1 and Mad2) are embryonically lethal [37] [38] [39] [40] [41] [42] . Indeed a complete loss of the mitotic checkpoint induces cell-intrinsic mitotic cell death or cell death in the ensuing interphase. In accordance with this observation and the importance of the mitotic checkpoint, dysregulation instead of full deactivation of mitotic checkpoint components is more frequently observed in many cancers [43] . Many mouse models have been developed, where mitotic checkpoint components were deleted, reduced or over-expressed and provided significant insight into the complex relationship between aneuploidy and tumour development. Specifically mouse models with either reduced or over-expressed Bub1 [39] , Bub3 [40, 44] , BubR1 [45, 46] , CENP-E [10, 42], Mad1 [38] and Mad2 [33, 34, 37] have been generated. Although all of these checkpoint proteins appear to be essential for viability and checkpoint function, mice do not develop spontaneous tumours in all cases. For example Bub3 heterozygous mice do not develop tumours [44] , but a higher incidence of tumours in the lung are observed following treatment of mice with DMBA (9,10-Dimethyl-1,2-benzanthracene, a chemical mutagen) [47] . Also mice heterozygous or hypomorphic for BubR1 fail to develop spontaneously tumours although they also show an increased tumour incidence upon DMBA induction [46] . This implies that additional stress signals are required to elicit tumour development in the face of alterations in mitotic checkpoint protein expression. In contrast, mouse models hypomorphic for Bub1 [39] , heterozygous for CENP-E [10], heterozygous for Mad1 [38] , heterozygous for Mad2 [33, 37] or overexpressing Mad2 [34] , all spontaneously develop tumours preferentially in the lung, with an incidence of 20-50% but at a high latency of about 20 months [48, 49] . Two important questions arise from these studies. First, what is the reason for this high latency time for tumour formation and why is tumour development restricted to certain organs, particularly the lung and second, why are certain SAC components cancer prone and others not.
Aneuploidy as an elicitor of a stress response and accelerator of cellular evolution
The first studies linking aneuploidy to the fitness of mammalian cells were conducted in primary fibroblasts of trisomy 21 patients. It was shown that these cells harbouring an extra chromosome 21 proliferate more slowly than euploid control cells [50] . Studies in yeast strains engineered to carry one or two extra chromosomes revealed similar defects in cell proliferation. Interestingly, these strains exhibited also a characteristic stress response gene expression pattern [51] . In an elegant experiment, trisomic MEFs were established harboring an extra chromosome 1, 13, 16, or 19. Analysis of these aneuploid cells revealed again a reduced proliferation rate, independent on the chromosome causing the trisomy. In addition metabolic changes were also observed [52] . Based on these observation, it has been proposed that probably an imbalance in the cellular protein composition and consequently an elicited stress response underlies these shared phenotypes of having an extra chromosome [53] . Therefore mutations eliciting W-CIN destabilise the karyotype of a cell and the resulting mitotic and proteotoxic stress could strongly drive a selection for mutations that protect cells from aneuploidy-reduced fitness reduction and towards tumourigenesis [54] at least in yeast cells [55] . Aneuploidy as a driver of tumour evolution by exhibiting a "mutator" phenotype, which is a driving force and accelerator for the acquisition of further cancerpromoting mutations, would further provide an explanation for the late occurrence of tumours in the above discussed mouse models of the SAC as well as why mutagenic agents induce or accelerate tumour formation in these mice [48] . Indeed it seems that aneuploidy itself is not sufficient to induce tumour formation, rather that additional cellular functions may have to be impaired for cellular transformation. A possible reason why an imbalance of certain mammalian SAC components is cancer prone and an imbalance of others is not is that the cancer-prone SAC components could have additional cellular functions besides SAC regulation. In a recent report it was shown that CIN elicited by overexpression of Mad2 in a K-Ras-driven lung cancer model is not sufficient to overcome oncogene-addiction but leads to accelerated tumour relapse after oncogene withdrawal [56] . This indicates that the combination of a chromosomally unstable setting together with a deregulation of key cellular pathways is initially important but recurrence can occur with emergent independence from the original oncogenic stimulus probably driven by the evolutionary mutagenic fuel provided by CIN. Interestingly the loss of some wellcharacterised tumour suppressor proteins couples indeed a deregulation of key cellular pathways with karyotypic imbalance. This creates a double burden on a cell harbouring such tumour suppressor protein inactivating mutations with significant implications for tumour development. A) Schematic drawing how multiple centrosomes may lead to whole chromosome instability or mitotic cell death. Centrosomes (red), microtubules (green), chromosomes (blue), kinetochores (black), merotelic attached kinetochore (yellow), 2N = diploid chromosome content. B) Schematic drawing of the mitotic checkpoint and the consequences of failure during mitosis. Left, top: zoom of the mitotic checkpoint components on the kinetochore either inactivated with attached microtubules (black) or activated without any attached microtubules (pink). Left, bottom: zoomed view of one kinetochore with correct bipolar attachment of microtubules exemplifying the fulfilment of the mitotic checkpoint when all kinetochores are attached correctly to micortubules and the molecular consequences for progression to anaphase. Right, top -bottom: consequences in mitosis due to an aberrant mitotic checkpoint leading either to mitotic cell death, aneuploidy or furrow regression. Mad1: mitotic-arrest deficient 1, Mad2-C: mitotic-arrest deficient 2 in a closed conformation, Mad2-O: mitotic-arrest deficient 2 in an open conformation, BubR1: budding inhibited by benzimidazole (Bub) R1, CENP-E: centromeric protein E, APC/C: anaphase promoting complex/ cyclosome, Cdc20: cell diviosion cycle 20, Ub: ubiquitin.
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The role of tumour suppressor proteins in the suppression of aneuploidy
Several lines of evidence show that the deregulation of key signalling pathways in combination with CIN drives at least some aspects of tumour initiation, development or relapse after therapy. Deregulation of key signalling pathways most often is a cause of inactivation of tumour suppressor proteins. Interestingly, some well-known tumour suppressor proteins have been described to combine key regulatory functions of signalling pathways with protection from CIN. In such circumstance, loss of a tumour suppressor protein activity deregulates both key cell signalling pathways as well as chromosomal stability mechanisms. These double functions are described for several tumour suppressors including adenomatous polyposis coli (APC), retinoblastoma (RB), the RE1-silencing transcription factor (REST), the tumour suppressor protein p53 (TP53) and the von Hippel-Lindau protein (pVHL) (table 1).
Adenomatous polyposis coli protein (APC)
Mutations of the apc gene are a hallmark of familial adenomatous polyposis (FAP), where some of these polyps develop to malignant carcinomas. In addition apc mutations are also found in about 85% of sporadic colorectal cancers [57] . APC's most attributed tumour-suppressor function is as a negative regulator of the canonical Wnt signaling pathway [58] . Furthermore actin and microtubule (MT) regulatory roles have been described [59] , the latter has been also linked to CIN. In this context, APC has been described as a MT plusend interacting protein (+Tip) [60, 61] with a role in stabilizing astral MTs during mitosis. Furthermore localization to the kinetochore has also been reported [62, 63] . At kinetochores APC may influence mitosis in two ways: by regulating kinetochore MT stability and tethering to kinetochores as well as regulating the SAC, indeed reduced tension at the metaphase plate is observed after depletion of APC by RNAi in U2OS cells [64] . The opposite effect is observed in HeLa cells [91] . Despite these cell-line specific discrepancies, in both cases the observed kinetochorephenotypes result in a defect in maintaining an accurate chromosome number. However, the observed aneuploidy could also be a result of defects in the SAC due to APC loss. APC interacts with Bub1 and BubR1 and is consequently phosphorylated in vitro by these Bub proteins [63, 65] . In addition reduced localisation of Bub1 and BubR1 to kinetochores are observed, at least in U2OS cells, as a result of APC depletion [64] . Despite these discrepancies, a current view ascribes a defect in mediating MT-kinetochore attachment as a primary cause of the observed CIN in APC-negative cells.
Tumour suppressor protein p53 (TP53)
The tumour suppressor protein 53 (TP53), also called "the guardian of the genome", is a member of the p53 transcription factor family. The TP53 protein is an integrator of various cellular stress signals, like DNA damage and oxidative stress. TP53 responds to this stresses by transcribing genes that lead to a cell cycle arrest or, if the damage due to the stress is irreparable, to apoptotis [66] . Besides these extensively studied and reviewed functions, TP53 is also implicated in the control of the mitotic checkpoint in several ways. There is evidence that TP53 is involved in centrosome duplication, since mouse embryonic fibroblasts lacking p53 have an increased number of functional centrosomes resulting in merotelic kinetochore attachments and segregation errors [67] (fig. 1B) . Furthermore it has been reported that the mitotic checkpoint protein BubR1 is a transcriptional target of p53 [68] . BubR1 expression is indeed considerably low in cells lacking p53 expression and the checkpoint is therefore compromised. Whether these two processes in the mitotic checkpoint affected by loss of p53 function contribute to the TP53 tumour suppressive mechanism is however still unclear. Nevertheless, these molecular linkages linking p53 function to the regulation of mitotic events warrant further exploration.
Retinoblastoma (RB)
Mutations in the Retinoblastoma (Rb) tumour suppressor gene have been originally discovered in a rare childhood cancer called retinoblastoma [69] . Rb mutations are found in a wide variety of cancers mainly in the lung, breast and Table 1 : Tumour suppressor proteins and their function in suppression of aneuploidy.
Tumor suppressor protein
Tumor suppressor function Aneuploidy suppressor function APC Canonical Wnt signalling, involved in cytoplasmic destruction complex targeting beta-catenin for degradation [92] Regulation of the cytoskeleton and cell migration [93] Promotion of stable kinetochore-microtubule attachments to suppress W-CIN [91] Promotion of correct spindle positioning for cleavage furrow specification to suppress tetraploidy [64] TP53 Sensor for DNA damage and activator of repair pathways [94] Initiation of apoptosis and senescence [95] Control of centrosome duplication [67] Limitation the propagation of aneuploid cells [96] RB Control of G1-S transition via E2F inhibition Chromatin remodeling and maintenance of a quiescent state [97] Suppression of W-CIN by transcriptional control of Mad2 via E2F [74] Centrosome duplication control via E2F activity [71] REST Suppression of PI(3)-Kinase signalling [78] Suppression of W-CIN by transcriptional repression of Mad2 [81] VHL Hypoxia response, involved in an E3-ligase complex targeting Hifalpha transcription factors [98] Regulation of extracellular matrix deposition and microtubule stability [83] Control of SAC by maintaining Mad2 protein levels to suppress W-CIN [90] Review article
. In cervical and other squamous cell carcinomas the retinoblastoma protein (pRB) is frequently inactivated by expression of the human papillomavirus (HPV) E7 protein. pRB guards the cell from replicating damaged DNA and therefore prevents the amplification and integration of mutations into the genome by blocking cell cycle progression from the first gap phase (G1) into the DNA synthesis phase (S). RB is assigned a potent role as a regulator of the G1/S transition. This tumour suppressive function is exerted mainly by the binding to and sequestration of the E2F family transcription factors by pRB [70] . Reversion of this interaction occurs when cells encounter persistent mitogenic stimuli sufficient for the activation of cyclin dependent kinases (CDK) that phosphorylate pRB in the nucleus. This reliefs E2Fs and therefore cancels pRBs growth inhibitory function and facilitates S phase entry.
To build the mitotic spindle after S-phase, the centrosome has to be duplicated in a coordinated manner. The RB-E2F pathway contributes to this coordination and inactivation of this pathway jeopardizes the coordination between DNA replication and centrosome duplication potentially contributing to genomic instability [71] . Furthermore, cells with inactivated Rb that have been reversibly blocked in mitosis and subsequently released from this block accumulate an abnormal number of chromosomes [72] . Additional evidence that pRB has an important function besides the G1/S transition control comes from studies in mouse embryonic stem cells. Mouse embryonic stem cells are largely devoid of a G1/S checkpoint. Interestingly, deletion of both Rb alleles in mouse embryonic stem cells increases chromosomal alterations [73] . The mitotic checkpoint gene Mad2 is a direct E2F transcriptional target [74] and is aberrantly expressed in cells with defects in the RB pathway. Indeed, Mad2 overexpresison correlates with heightened E2F activity in tumours as well as in several cell lines resulting in mitotic defects and aneuploidy as a consequence.
Another mitotic role of pRB that is independent of pRB's ability to interact with E2F has been proposed in the control of condensin II complex formation to regulate appropriate pericentric heterochromatin formation and chromosome condensation during G2/M [75] [76] [77] . Although the phenotype is subtle and still allows the cells to divide, failure of this function is thought to lead to CIN.
RE1-silencing transcription factor (REST)
The regulation of Mad2 checkpoint protein levels seems also to play a critical role in the tumour suppressor function of the repressor-element-1-silencing transcription factor (REST). Initially a tumour suppressor function of REST has been observed in a genomic screen aimed to identify novel potential tumour suppressor proteins. It has been shown that REST protects primary cell transformation by suppressing the PI(3)-kinase pathway [78] . REST is a transcriptional repressor and regulates gene expression via binding to a 21-23 base pair repressor element in the promoters of relevant target genes. Depending on the cellular context, REST can act either oncogenic or tumour-suppressive. In its oncogenic context, high levels of truncated forms of REST are found in small-cell lung cancer and neuroblastoma [79, 80] , whereas a frame-shift mutant of REST is found in colon cancer that is able to transform primary cells [78] . Amongst the many repressed gene targets of REST, there is also Mad2 [81] . A regulatory network that involves the proteasomal degradation of REST by the E3 ubiquitin ligase complex Skp1-Cul1-F-βTRCP [81, 82] during the G2-phase of the cell cycle reliefs the transcriptional repression of Mad2 by REST and allows a controlled activation of the mitotic checkpoint. Expression of oncogenic truncation variants of REST that escape the E3 ubiquitin ligase regulation, suppress Mad2 protein levels, resulting in a defective spindle-checkpoint and aneuploidy [81] .
Von Hippel-Lindau protein (pVHL)
Maintaining appropriate Mad2 protein levels and suppression of aneuploidy is also a critical function of the von Hippel-Lindau (VHL) tumour suppressor protein. Mutations of the VHL tumour suppressor gene occur in a variety of inherited and sporadic tumours, including clear cell renal cell carcinoma. A multitude of tumour suppressor functions have been attributed to the VHL gene product [83] , pVHL, amongst these are the degradation of the hypoxia inducible factors (HIF)-alpha [84] , stabilization of microtubules [85, 86] , primary cilium maintenance [87, 88] and regulation of extracellular matrix deposition [89] . Analysis of the cell cycle in cells devoid of pVHL revealed two unexpected defects: rotating mitotic spindles and a weakened mitotic checkpoint due to lower protein levels of Mad2, which resulted in premature mitotic slippage and whole-chromosome aneuploidy in primary cells [90] . Reconstitution of pVHL in VHL-negative kidney cancer cells re-established Mad2 protein levels, prevented mitotic slippage and suppressed aneuploidy in vitro. Evidence, that this regulatory function of the mitotic checkpoint via Mad2 is critical for suppression of aneuploidy is supported by the observation that inactivation of VHL in human clear cell renal cell carcinoma correlates with a reduction of Mad2 protein levels and that this is associated with enhanced aneuploidy and tumour-grade [90] . These results link functional loss of pVHL to reduced Mad2 protein and the development of aneuploidy. Open issues are now to identify the relevant mechanism of pVHL control of Mad2 abundance and to determine whether this regulatory mechanism mediated by pVHL is critical for its tumour suppression function.
Conclusion
Defective mitotic checkpoint signalling that is compatible with cell life appears to underlie the development of aneuploidy, a potential significant contributor of tumour cell evolution. Several tumour suppressor proteins share the ability to suppress aneuploidy, albeit through distinct mechanisms. It is therefore tempting to propose that the shared additional function of these tumour-suppressor proteins in protecting cells from CIN might be a significant additional fuel to drive tumour progression. W-CIN is mainly driven by a defective mitotic checkpoint or a defective centrosome duplication cycle and the level of deregulation often is critical for a cell to be transformed
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